Background: The safety of gadolinium-based contrast agents is of fundamental importance. Purpose: To determine the frequency and severity of immediate-type adverse reactions to approved doses of gadoteridol in patients referred for routine gadoteridol-enhanced MRI in actual clinical practice settings. Study Type: Prospective, observational. Population: In all, 6163 subjects were enrolled (mean age: 56.7 AE 15.4 years; range: 6-93 years). Field Strength/Sequence: 1.5T and 3.0T. Assessment: Assessment was of immediate adverse reactions by the investigating radiologist using the MedDRA System Organ Class and preferred term. Statistical Tests: Summary statistics for continuous variables, descriptive statistics for demographic characteristics. Results: Overall, 19 adverse events occurred in 13 (0.21%) patients, of which 15 in 10 (0.16%) patients were considered related to gadoteridol administration. These events were evenly distributed between male and female subjects and all occurred in adults. Twelve of the 15 related events in eight (0.13%) patients were considered mild in intensity (rapidly selfresolving), while the remaining three events in two patients (0.03%) were considered moderate in intensity. None were of severe intensity and no serious adverse events occurred. Data Conclusion: The rate of immediate-type adverse events following exposure to approved doses of gadoteridol is extremely low, and mostly limited to transient and self-resolving symptoms. Level of Evidence: 2 Technical Efficacy Stage: 5
G ADOLINIUM-BASED CONTRAST AGENTS (GBCAs) have long been considered relatively safe in terms of adverse events (AEs), especially when compared with iodinated contrast agents. 1 However, the emergence of nephrogenic systemic fibrosis (NSF) in 2006 2 and, more recently, concern over potential long-term health risks due to gadolinium (Gd) retention in brain and body tissues, 3, 4 has brought the issue of GBCA safety into sharp focus. The suspension in Europe of certain linear GBCAs 5 and a general migration towards the use of macrocyclic GBCAs has further fueled the need for detailed information on individual GBCA safety.
Gadoteridol, the first macrocyclic GBCA approved in the USA, is classified by the European Medicines Agency (EMA 6 ) among the group of GBCAs that has the lowest risk of NSF and by the American College of Radiology (ACR 7 ) as a Group II agent (agents associated with few, if any, unconfounded cases of NSF). In animal studies, Gd retention has been found to be extremely low following the repeated administration of gadoteridol, and lowest in brain tissues when compared with Gd retention observed after repeated administration of other macrocyclic GBCAs. [8] [9] [10] No instances of T 1 hyperintensity in the brain have yet been observed following multiple exposure to approved doses of gadoteridol in adult or pediatric patients.
Comparatively little has been published on the frequency and type of immediate-type AEs following exposure to gadoteridol. To our knowledge, the last prospective observational study in a relatively large patient cohort (28, 078 patients) was a single-center study published in 2011 that reported an overall AE rate of 0.7%. 11 Our aim was to further elucidate the safety of gadoteridol for routine clinical use across a broad spectrum of indications and patients at multiple centers.
Materials and Methods
This was a prospective, observational study involving nonselective, continuous enrollment of patients referred for contrast-enhanced (CE)-MRI with gadoteridol during routine daily clinical practice. It was an Institutional Review Board-approved, Health Insurance Portability and Accountability Act-compliant study that evaluated safety data for patients enrolled at 19 centers in South Korea between 31 December 2014 and 8 May 2018. All patients provided written informed consent for inclusion in the study. The study was sponsored by Bracco Diagnostics (Monroe, NJ).
Patients
Subjects were enrolled in a nonselective, continuous manner at each of 19 centers. The initial prospective enrolment target was 6000 patients evaluated as part of normal clinical routine without restrictions on age, clinical status, or MRI indication. There were no exclusion criteria. All patient demographic details (gender, age, weight) were recorded. If the subject's estimated glomerular filtration rate (eGFR) was measured, this was also recorded. MRI CE-MRI was performed with gadoteridol according to clinical routine at each center. All imaging studies were performed on commercially available 1.5T or 3.0T MRI equipment at each center. The indication(s) for the MRI examination and whether a perfusion scan was performed in addition to a standard imaging protocol was recorded for each subject, as were details as to whether the MRI examination was performed as the first exam for the subject or as an additional examination to gain more information on a previously identified disease.
The type of gadoteridol administration, ie, manual or power injector (including rate of injection of contrast and saline), total contrast volume and total saline volume (typically 20-30 mL) were recorded for each examination. The recommended administration dosage was 0.1 mmol/kg (0.2 mL/kg) as per the approved prescribing information (PI) for South Korea. For subjects suspected of having cerebral metastases or other poorly enhancing lesions of the central nervous system, a triple dose (0.3 mmol/kg [0.6 mL/kg]) was permitted as per the approved PI.
Safety Assessments
Subjects were monitored for any untoward medical occurrences from the time of gadoteridol administration for at least 30 minutes after completion of the MRI examination. All untoward medical occurrences were recorded in the Adverse Event section of a dedicated Case Report Form (CRF).
Events were classified as serious (death, life-threatening, requiring/prolonging hospitalization) or nonserious (mild: no disability/incapacity, self-resolving; moderate: no disability/incapacity requiring treatment; or severe: temporary and/or mild disability/incapacity requiring treatment). Event severity and its relationship to the contrast agent (not related, or possibly/probably related to exposure to gadoteridol) were determined by the investigating radiologist. All 
Statistical Analysis
Sample size estimation was not applicable for this observational study. In general, summary statistics (mean, standard deviation, median, minimum, and maximum) were provided for continuous variables, and the number and percentage of patients in each category were provided for categorical data. Descriptive statistics were used to summarize demographic characteristics, MRI indication, contrast agent administration and AEs, and 95% confidence interval (CI) was provided to the estimations of the AE rate. Fisher's exact test was used to compare the difference between subgroups. All data summaries were generated using the statistical software SAS v. 9.3 (Cary, NC). Patients received gadoteridol at a mean dose of 0.108 AE 0.02 mmol/kg bodyweight with minimal variations across indications (Table 2 ). Only three patients received a gadoteridol dose of 0.3 mmol/kg or above.
Results

Patients
Adverse Events
Overall, 19 AEs occurred in 13 (0.21%) patients who received gadoteridol. Of these 19 events, 15 in 10 (0.16%) patients were considered possibly or probably related to gadoteridol administration (Table 3 ). These events were evenly distributed between male and female subjects and all occurred in adults ( Table 4 ). Twelve of the 15 related events in eight (0.13%) patients were considered mild in intensity. The remaining three events in two (0.03%) patients were considered moderate in intensity and were hypersensitivity reactions in male patients of 60 and 68 years of age. Both patients were referred for supra-aortic MR angiography and were undergoing an MRI examination for the first time. Both hypersensitivity reactions began 20-30 minutes after gadoteridol administration, were treated with antihistamines and steroids, and resolved within 45-60 minutes. Mild nausea and vomiting considered possibly related to gadoteridol administration were reported by 3/6163 (0.05%) patients. All patients with AEs quickly recovered without sequelae. There were no serious AEs, ie, no AEs that were considered lifethreatening, required hospitalization, resulted in persistent or significant disability/incapacity, required intervention to prevent permanent impairment or damage, or resulted in death. eGFR measurements were available for only three patients who experienced AEs (one not related to gadoteridol administration; two with events considered possibly related). In all three cases, the recorded eGFR was >60 mL/min. Of the 10 patients with possibly related AEs, one received a gadoteridol dose of 0.09 mmol/kg, seven received a dose of 0.1 mmol/kg, and two received a dose of 0.13 mmol/kg.
Discussion
In assessing GBCA safety it is important to distinguish prospectively-designed studies in which exposure is assessed at baseline and subjects are followed over time for adverse reactions, from retrospective assessments in which rates of reactions, and conclusions regarding safety, are based on a historical observation period. Whereas retrospective assessments offer the possibility to include large numbers of patients, they are inherently subject to various forms of bias (eg, information and selection bias), thus tempering the conclusions and interpretations that can be drawn. Conversely, prospective assessments permit accurate recording of all relevant information, allowing more solid conclusions and more reliable comparison with similarly designed prospective studies. By the same token, it is important to distinguish prospective, multicenter studies that allow objective assessment of data with minimal subjectivity, from single-center studies whose findings and conclusions might be inherently subjective and prone to misinterpretation and bias. The results of our prospective, multicenter, observational study reveal an overall rate of AEs related to gadoteridol administration of 0.16% (10/6163). This rate falls very much in the lower half of the range indicated by the ACR, who state that the rate of immediate-type adverse reactions for GBCAs administered at clinical doses (0.1-0.2 mmol/kg for most GBCAs) ranges from 0.07-2.4%. 7 Moreover, it bears excellent comparison with adverse reaction rates reported for other macrocyclic GBCAs in similarly designed prospective, multicenter observational studies [13] [14] [15] [16] [17] [18] (Table 5 ). Among the adverse reactions reported, nausea and vomiting were the most frequent, reported by three (0.05%) patients overall and accounting for 40% (6/15) of all the reactions considered possibly related to gadoteridol administration. This rate compares favorably with rates reported for both gadoteric acid (nausea: 0.02-0.41%; vomiting: 0.01-0.1% [13] [14] [15] ) and gadobutrol (nausea: 0.23-0.3%; vomiting: 0.06-0.1% [16] [17] [18] ).
Notable is that there was no effect of age on the incidence of AEs. Events considered to be gadoteridol-related were reported in only four of 2028 (0.2%) subjects aged ≥65 years compared with six of 4135 (0.15%) subjects aged <65 years. No events considered gadoteridol-related were reported for any of the 52 subjects aged <18 years. These findings again compare favorably with reports for other macrocyclic GBCAs. 19, 20 Finally, there was no specific imaging application and no other specific patient demographic that was more associated with AEs than any other.
As might be expected, the overall incidence of AEs considered gadoteridol-related in this study (0.16%) was lower than the rate of adverse reactions (0.67%) reported in a previous, large (28,078 patients), prospective, single-center observational study conducted in the United States between July 2007 and December 2009. 11 Possible explanations for the different rates reported include cultural differences in the interpretation and reporting of AEs and the fact that event interpretation and reporting in a single-center study over a comparatively short time course (30 months in the study by Morgan et al 11 ) is likely performed by the same, comparatively few, investigators, potentially leading to interpreter bias. In this regard it has been shown previously that the reporting of AEs can vary widely across individual healthcare workers and imaging centers even within the same local healthcare system. 21 To consider also is that the study by Morgan et al 11 was performed at the height of the NSF crisis when the safety of all GBCAs was extremely heavily scrutinized, not only by physicians themselves but also by medicolegal professionals. Under such circumstances it is possible that the higher rate of reported reactions reflected a more general overreporting of AEs during that period. Finally, it should also be borne in mind that the study by Morgan et al 11 was initiated just 6 months after the initial selective introduction of gadoteridol into the department due to concerns over NSF. As the authors themselves noted, 11 the initial rate of AEs over the first 3 months was higher before decreasing steadily over the remainder of the study. The authors ascribed this observation to possibly reflecting the Weber effect, which describes transient elevations in the rates of AEs after the introduction of a new drug or changes in the use of an existing drug. 22, 23 However, it is widely recognized that the elevation in AE reporting due to the Weber effect tends to peak in the second year after introduction. [24] [25] [26] Given that the duration of the study was only 30 months after the adoption of gadoteridol, it is possible the true impact of the Weber effect might not have been fully appreciated at the time and that the reaction rate reported represents longer-term overreporting.
Concerns over NSF and, more recently, Gd retention 27, 28 have led to a widespread migration from linear GBCAs to macrocyclic GBCAs for routine clinical use. Although studies to date suggest that GBCA exposure has no long-term detrimental effects on human health either in terms of direct impact on tissue integrity, [29] [30] [31] or global clinical disability, 32, 33 the possibility of long-term effects is nevertheless a major area of current concern. 5 Although assessment of potential long-term safety issues was beyond the scope of this observational study, it is worth noting that all studies thus far performed in animals to evaluate Gd retention in brain and body tissues following GBCA exposure have shown that gadoteridol is retained to a lesser extent and cleared more rapidly than other GBCAs, including other macrocyclic GBCAs. [8] [9] [10] Specifically, it appears that the unique molecular features of the gadoteridol molecule (low molecular weight and viscosity, neutrality, and high lipophilicity) are sufficient to markedly affect GBCA elimination behavior, 9, 34 leading to lower levels of retained Gd in the first weeks/months after exposure. [8] [9] [10] Given that one rat year equates to roughly 30 human years, 35 the reduced amount of Gd determined in rat brain and body tissues at weeks/months after gadoteridol administration would equate to several years in humans, if the findings in animals are considered indicative of the human situation. This may be very relevant if future studies do indeed demonstrate an unequivocal impact of GBCA exposure on human health.
In conclusion, our prospective, multicenter, observational study of 6163 subjects ranging in age from 6 to 93 years and covering a wide spectrum of imaging applications confirmed the excellent safety profile of gadoteridol for routine CE-MRI examinations. The incidence of gadoteridolrelated adverse reactions (0.16%) compares favorably with rates reported for other macrocyclic GBCAs evaluated in similarly designed prospective studies. In the absence of any clinically-relevant differences in r1-relaxivity, which might otherwise impact image quality and/or diagnostic performance relative to other macrocyclic GBCAs, 36, 37 and given the demonstrably lower Gd retention and faster Gd clearance seen in animals after repeated gadoteridol exposure, [8] [9] [10] gadoteridol can be considered one of the safer GBCAs for routine CE-MRI.
